Ants can modify the properties of soil when they build their nests. We have investigated the degree and persistency of changes of soil morphology and chemistry in abandoned anthills in a temperate, deciduous wood in Jutland, Denmark. For this purpose, we sampled surface soils (0±10 cm) from each of ®ve abandoned anthills (Formica polyctena Fo Èrster) and adjacent undisturbed sites, where anthills covered about 0.5% of the surface area. In addition, one soil pro®le in an abandoned anthill was sampled for morphological descriptions. All samples were analysed for pH, C, N, lignin-derived phenol, and cellulosic and non-cellulosic carbohydrate concentrations. The results showed that soils under the anthills were enriched in organic matter, were yellower and showed features of Podzol degradation. Former Podzols had to be reclassi®ed to Umbrisols or Arenosols, whereas anthills on Luvisols affected soil classi®cation only at the subdivision level. The C/N ratio and soil pH were not signi®cantly affected by the ants' activity. However, lignin-derived phenols and cellulosic polysaccharides were enriched inside the mounds by a factor of 6 and 7, respectively. This probably re¯ected collection of woody debris for nest construction while the nest was occupied, and large input of C from an increased root density. The degree of changes in the quality of the organic matter decreased with time since abandonment, but changes were still detectable within anthills left 20 years ago. As ant colonies are concentrated, and move regularly on a decadal timescale, formation of Formica anthills has an intrinsic in¯uence on the heterogeneity of the soil within this forest ecosystem.
Introduction
Ants and termites are important in ecosystem functioning as they not only constitute a major component of the animal biomass in soil but also signi®cantly affect nutrient cycles by bioturbation and stimulation of soil organic matter transformation. This is especially true in arid, acid or cold environments where earthworms are scarce or absent (Folgarait, 1998) . Ants may alter the soil's morphology and chemical composition and soil classi®cation, even to the extent that we may change its classi®cation (Green et al., 1998) . From a pedological viewpoint, anthill mounds may be divided into two types (Paton et al., 1995) . The type I mounds are least prominent in the landscape and are characterized by deposition of waste materials near the soil surface. By contrast, type II mounds are large and compact and persist for many years. Both types of anthills are abandoned when their occupants move to new places in the vicinity. In this context, the stable type II mounds may signi®cantly affect the spatial heterogeneity of the soil, whereas the construction and relocation of type I mounds tend to homogenize the soil, both laterally and within a given pro®le.
Mound-building ants collect woody debris for their nests and forage for large quantities of insect prey and honeydew as food for their colonies. Active anthills are thus enriched with soil organic matter and inorganic nutrient elements, such as Ca, K, Mg, Na and P, compared with adjacent surface soils (Folgarait, 1998; Lobry de Bruyn & Conacher, 1990; Kristiansen et al., 2001) . Ant activity can also alter (i) physical soil properties, such as in®ltration and porosity (Wang et al., 1995) , (ii) soil microbial community and faunal biomass (Laakso & Seta Èla È, 1997) , and (iii) rates of decomposition of organic matter (Petal & Kusinska, 1994) . Long-term changes of pedogenesis and soil heterogeneity may also be affected, especially in abandoned type II mounds (Wiken et al., 1976; Dean et al., 1997) .
The objectives of our investigation were to elucidate persistent changes in (i) soil type, (ii) soil morphology, and (iii) soil organic matter quality caused by the construction of type II anthill mounds in a Danish oak forest.
Experimental
The study site
The study area, Holtkrat, comprises 10 ha of woodland that was formerly coppiced. It lies 100 m above sea level, in the middle of Jutland (Figure 1 ). Average annual temperature is 7.3°C, and the average precipitation is approximately 810 mm. Moraines and outwash plains of Late Weichselian age form the landscape. The parent material is glacial deposits and varies from quartzose,¯uvio-glacial sand to a loamy sandy till covered by 5±80 cm of sand. The soils are Haplic Podzols on sandy glacial material, and Endostagnic or Arenic Luvisols on the loamy sand (FAO, 1998) . Trees are oaks (Quercus robur and Q. petraea) with few limes (Tilia cordata). In areas of Podzols, ground vegetation covers approximately 80% of the surface and is dominated by grass and a few herbs (mainly Deschampsia¯exuosa and Maianthemum bifolium). The Luvisols support a rich ground vegetation dominated by herbs and grasses (e.g. Oxalis acetosella and Melica uni¯ora) and a substorey of hazel (Corylus avellana). For more details concerning soil properties, geology, vegetation and forest history see Kristiansen & Dalsgaard (2000) .
Ants
The European red wood ant (Formica polyctena Fo Èrster) is the only ant species that creates type II mounds at Holtkrat. It may occupy an anthill for decades and often forms complexes within a small area (Ho Èlldobler & Wilson, 1990) . It is a common ant species in Denmark and is normally found in coniferous plantations; colonies in deciduous forests are less frequent. It is an omnivore, feeding on invertebrates and applied honeydew, and forms colonies with thousands of individuals. The nest is built of organic residues (e.g. leaves, twigs, buds and sticks). In contrast to coniferous forests, where the F. polyctena nests are located above the ground, all nests in deciduous forests are below ground (M.G. Nielsen, personal communication) . Ant galleries and chambers are dug down to a depth of b 50 cm (Figure 2a) . The excavated mineral soil is deposited on the ground surface around the nest in 20±40 cmhigh circular banks. Abandoned anthills have 2±6 m-wide craters with central 1 m-wide depressions of 20±40 cm of depth surrounded by low but broad banks (Figure 2b ). The rate of relocation of the anthills is unknown, but mean residence time between emigrations may be b 1±5 years (Ho Èlldobler & Wilson, 1990) , or about 10% of the nests every year.
A former, unpublished survey discovered 106 prominent type II anthills inside the study area, of which 56 were abandoned and 50 were active. All were within only 4 ha of the total 10 ha, and the anthills covered only approximately 0.5% of the total wood area, with a maximum density occurring in the central part (approximately 1.2% of the soil surface was covered by type II mounds). This percentage resembles coverage by anthills found in previous studies (Lobry de Bruyn & Conacher, 1990) . Hence, for soil mapping the contribution of anthills on pedogenesis might be neglected, whereas for a given microsite, material redistribution and soil property changes signi®cantly affect the mosaic-like pattern of nutrient and soil (sub)type within the forest ecosystem.
Field work
We have surveyed anthills in Holtkrat wood continuously over the last 5 years, and we chose to examine 20 abandoned anthills by augering and six representative subsites for sampling along a transect from infertile to fertile parent material, i.e. from Podzols with moder humus to Luvisols with a mull humus (Figure 3 ). At ®ve of the six transect sites, surface soil (0±10 cm) from the inside and 3 m-outside area of anthills was collected with a steel tube sampler in October 1998 (Figure 2b) . At each site, a composite sample was made out of 12 subsamples. The L, F and H horizons were removed before sampling. We estimated the time since ants abandoned the mound from observations of the rates at which anthills disappeared during the 5 years of surveillance. Since we were interested in permanent, rather than temporal, effects of ant activity on soil properties, only anthills that had been abandoned for 5 or more years were selected (Table 1) . At the sixth transect site, we characterized and sampled one soil pro®le in a recently abandoned anthill (Anthill pro®le; Figure  3 ). This pro®le was in the most infertile area (quartzose¯uvio-glacial sand with Podzols), where we observed the largest impact of ant activity on soil properties (see also the Results section). Duplicate samples were collected in steel tubes from all horizons. The pro®les were described according to Soil Taxonomy guidelines (Soil Survey Staff, 1998) . Humus forms were classi®ed according to the scheme of Jabiol et al. (1995) .
Laboratory analyses
Soil samples were air-dried at 50°C and sieved to pass 2 mm. The following methods were used to characterize the uncrushed ®ne earth. Bulk density (110°C dried) was corrected for particles > 2 mm. The pH was determined with a glasscalomel electrode in 1:1 soil:water and 1:1 soil:1 M KCl suspensions by weight. Soil:solution ratio was increased to 1:2.5 for all surface samples because they contained so much organic matter. Danish surface soils yield on average 0.04 units higher pH in 1:2.5 suspensions than in 1:1 suspensions. The crushed ®ne earth samples were analysed for the following. Organic carbon was determined as CO 2 -C after dry combustion at 550°C. Total nitrogen was determined by the Kjeldahl method. The coef®cients of variation between replicate analyses of both C and N were less than 2%. The amount and stage of oxidative decomposition of lignin was Figure 3 Heterogeneity of soil development in a recently abandoned anthill of Formica polyctena. For each horizon sampled, subsample locality is indicated by bold rectangles. Thrown-up material comprises loose mineral subsoil material dislocated at the soil surface by ant activity and mixed with organic matter; the subsoil remnants are designated`Residual'. Abandoned anthills and heterogeneity of soil 357 estimated by alkaline CuO oxidation (Ertel & Hedges, 1984) . Lignin oxidation products were separated by capillary gas chromatography and determined by¯ame ionization detection (Amelung et al., 1997) . The recovery of the surrogate standard (ethylvanillin) averaged 74 T 5%. Carbohydrates were released by a two-step acid hydrolysis (Ziegler & Zech, 1991; Amelung et al., 1997) and determined spectrophotometrically with anthrone (9,10-dihydro-9-oxoanthracene) at 625 nm (Brink et al., 1960) . The non-cellulosic polysaccharides (NCP) were extracted with 1 M HCl (5 h, 105°C) and cellulosic polysaccharides (CP) with 12 M H 2 SO 4 (16 h, 25°C). Coef®cients of variation between replicate analyses averaged 5% (geometric means).
Statistics
For comparison of means we used the t-test for paired differences between samples from inside anthills and outside surface soils.
Results

Morphology, pH, C, N, and particle-size distribution
The soils inside the abandoned anthills were different from those outside (Table 1 and Figure 4 ). Ant activity in the Podzol areas had changed the soil to an Umbrisol or Arenosol. This change was marked by more yellow and darker colours in the B horizons inside the anthills, and the lack of spodic B horizon material that was found outside the anthills. Changes in Luvisols occurred at a lower categoric level, namely from Hyperdystric-Arenic (outside) to Humic-Arenic Luvisols (inside the anthills), mainly due to the thicker and C-enriched A horizons inside the mounds. The surface soil was signi®cantly redder inside the anthills (7.5YR) than outside (10YR) in the Luvisols (Table 2) ; changes in chroma were not signi®cant.
The humus type at the anthill centres was Dysmoder, whereas the outside Dysmoder dominated in the Podzol area and Oligomull in the Luvisol area. Changes in soil type were accompanied by changes in soil chemical properties (Table 2) . In the anthills, the depth of organic matter incorporation was signi®cantly enhanced by a factor of 4.8. In the surface soil (0± 10 cm), C and N concentrations had increased by a factor of 3.6 and 3.1 within the anthills, respectively. The C/N ratios were not modi®ed in the anthill surface material at a given site but varied from 15 to 25 between sites. The pH tended to be 0.2 units lower inside than outside the anthills in both KCl and H 2 O suspensions (P = 0.066 and P = 0.055, respectively). This difference is small compared with the overall pH variation inside the forest (0.8 pH units from Podzols to Luvisols). To obtain better insight into the processes caused by former ant activity, we opened one representative pro®le close to transect site 1 (Figure 3) . It was in the most infertile area where the soil morphological changes caused by the construc- Table 2 for details.
tion of anthills were largest (see above). We chose this representative soil pro®le after augering within all anthills on Podzols as typical of recently abandoned nests. Within the anthills, the material thrown up by the ants was identi®ed by its loose consistency and stratigraphic position above a thin, buried O horizon. This is actually the anthill's midden (Lobry de Bruyn, 1999) . The material left behind was designated as Residual 1 and 2' (Figure 3) . Residual 1 had a very loose consistency and low bulk density as a result of the many ant galleries and chambers. In Residual 2, galleries were still present, although many fewer than in the Residual 1 material. The pro®les were a Humic-Hyperdystric Arenosol in the central 0.5 m (see Figure 3) , a Hyperdystric Arenosol underneath the material thrown up by the ants, and a Haplic Podzol in the undisturbed forest soil outside the anthill (Pro®le A from Kristiansen & Dalsgaard, 2000) . Humus types were again Dysmoder both outside and inside the anthill. Colours in Residual 1, Residual 2, EB, B(hs) and Bs were 10YR with values of 4±5 (Table 3 ). The ant-nest material was the reddest. There were more (both ®ne and thick) roots in anthill material than in the surrounding Podzol. The pH was slightly (0.1±0.3 units) less in the materials below and around the anthill than at the same depth under the thrown-up material. The C and N contents inside the anthill were greater than outside, whereas C/N ratios were not different. There was less material > 2 mm in the thrown-up material and ant nests than in A and E material outside the anthill, whereas Residual 1 had more > 2-mm material than the B(hs) and Bs horizons. All soil horizons below the anthill were less dense than in the surrounding soil.
Nest composition
The material composition in the centre of an active nest was dominated by sticks and twigs (40%), oak buds (21%) and oak bud scales (13% of sample weight). Fragments of dead ants, grasses, leaves and soil each constituted around 3%. The remaining 14% was a homogeneous mixture of very small fragments of all constituents.
Lignin signature
Alkaline CuO oxidation releases phenols from reactive sites of the lignin macromolecules. Total lignin contents cannot be determined. The sum of vanillyl, syringyl and cinnamyl phenolic CuO oxidation products (VSC) has thus been used as an indicator of the total lignin concentration in plants and sediments (Hedges & Mann, 1979) and in soils (Ko Ègel, 1986) . Moreover, the mass ratio of acids to aldehydes of the vanillyl ((Ac/Al) V ) and syringyl structural units ((Ac/Al) S ) has been used to determine the degree of lignin oxidation within a sample, while a decreasing mass ratio of the syringyl to vanillyl units (S/V) re¯ected selective loss of syringyl units during lignin degradation (Ertel & Hedges, 1984; Ko Ègel, 1986) . In all surface samples vanillyl structural units (V) dominated the CuO oxidation products, amounting to 59±74% of the sum of lignin-derived phenols (VSC). Syringyl structural units (S) contributed between 19 and 34% to VSC-lignin. There was a signi®cant enrichment of VSC-lignin in the anthills, with a total difference of 4.3 mg g ±1 soil (calculated from Tables 3 Abandoned anthills and heterogeneity of soil 359 and 4) and 12.6 mg g ±1 C compared with the surrounding material. The S/V ratios and the ratios of phenolic acids to respective phenolic aldehydes (Ac/Al) were not signi®cantly different inside the anthills relative to the surrounding soil (Table 4) . However, the ratio of cinnamyl to vanillyl structural units (C/V) was signi®cantly less inside the anthill. No clear differences were observed in lignin alteration by former anthill construction between the Podzol and Luvisol area.
For the individual pro®le, vanillyl structures accounted for 62±94% of the total VSC-lignin, while cinnamyl structural units were below detection limit in Residual 2, E and BC materials. The VSC contents (both in mg g ±1 soil and mg g ±1 C) inside the ant-in¯uenced material exceeded those outside the hills by a factor of 5±15 but decreased dramatically with depth at both places. Ratios of (Ac/Al) V , S/V were larger and C/V ratios less inside the anthills compared with the same sampling depths in the surrounding soil (see Figure 3 ).
Carbohydrate signature
Although the H 2 SO 4 hydrolysate is designed to release cellulose, this material may also include strongly sorbed microbial constituents that resist HCl hydrolysis. It has therefore been equated with cellulosic polysaccharides. The non-cellulosic polysaccharides (NCP) fraction may include both hemicellulose and microbial saccharides. The amount of NCP per g soil (calculated from Tables 3 and 4) decreased signi®cantly from inside to outside the anthills, as did the C content. However, when NCP contents are expressed relative to the C content of the sample, NCP concentrations increase by a factor of 2.6 (Table 4 ). The contents of CP (both in mg g ±1 soil and mg g ±1 C) also tended to be larger inside than outside the anthills. The ratio of NCP to CP concentrations was twice as high outside as inside the anthills (Table 4) .
Data for the individual soil pro®le revealed that the enrichment of NCP and CP, and the decrease of the NCP/ CP ratio in the anthills, was not restricted to the topsoil material but continued for all sampling depths (Table 4) . Like the VSC-lignin, the contents of polysaccharide fractions decreased with increasing depth. The ratio of VSC to polysaccharide concentrations did not reveal a clear depth gradient.
Discussion
Pedogenesis
We observed different soil types under the anthills from those elsewhere. This accords with studies by Green et al. (1998) , who denoted the different soil type in and below the anthill mounds as`formicarious pedons' and argued that nest construction is the dominant soil-forming process within the formicarious pedon. In our study, soil morphological and chemical changes were more pronounced in the Podzol than in the Luvisol area. Apparently, Jenny's`organism' factor was dominant only in the nutrient-poor Podzol area and a codominant factor in the Luvisol area. This seems to be speci®c for the site investigated. In the North American prairie, Baxter & Hole (1967) observed that ant activity of F. cinerea changed a Udalf (which corresponds to a Luvisol) to a Udoll, i.e. to a soil containing more organic matter and with a larger base saturation. By contrast, the small base saturation of the material excavated by F. polyctena in the Luvisols at Holtkrat resulted in the formation of a Dysmoder and Umbric horizon, i.e. in the formation of a more acidic and less fertile surface soil. We conclude that the impact of ants on soil genesis cannot be generalized but depends on the speci®c soil environment and probably on the ant species. (Ac/Al) V , ratio of vanillic acid to vanillin; (Ac/Al) S , ratio of syringic acid to syringyl aldehyde; S/V, ratio of the syringyl to the vanillyl structural units; C/V, ratio of the cinnamyl to the vanillyl structural units; VSC, sum of lignin-derived phenols after CuO oxidation; NCP, non-cellulosic polysaccharides; CP, cellulosic polysaccharides. *,**Signi®cant at P < 0.05 and 0.01 probability level, respectively; NS, not signi®cant. SE, standard error. BD, below detection limit.
Studying the individual soil pro®le in the Podzol allowed us to see the morphological changes at a ®ne resolution. In the anthill pro®le, the spodic Bhs horizon gradually changed to B(hs) characters below the thrown-up material, and it ®nally disappeared at the edges of the anthill (Bw horizon; 40±50 cm away from the nest) (Figure 4) . There, the ants had not excavated the soil, but they may have caused loss of organic matter. A deceleration of ongoing podzolization caused by depression of fungal and enhancement of other organism activity (Nielsen et al., 1987; Lundstro Èm et al., 2000) is unlikely at pH remaining (in KCl) between 2.7 and 3.5 (Table 2) . We observed pronounced rather than slight changes in the morphology of the B horizon. Therefore it seems also unlikely that the chemical process suggested for depodzolization (decomposition of organic matter, followed by crystallization of formerly organically complexed Fe to inorganic oxides) really occurred. We therefore suggest that the degradation of podzolic features within the anthills results from other processes, such as (i) a selection by the ants of less podzolized sites in the woods for their hills, or (ii) a biological disturbance of podzolic features by bioturbation and loosening of soil, the latter favouring water in®ltration and further nutrient and metal leaching from the soil (Wiken et al., 1976) , or (iii) both.
Soil organic matter
The humus type inside all anthills was a Dysmoder (Table 1) . C/N ratios were unaffected and pH values (Table 2) were slightly lower inside than outside the hills. This indicates that organic matter turnover inside anthills was slower than outside, especially in the Luvisol area, where the humus form Oligomull was replaced. It seems reasonable to assume, therefore, that organic matter properties within the anthill still re¯ected properties of the material collected some years ago. By contrast, anthills of some non-Formica species were more favourable for organic matter mineralization than soils around them (Petal & Kusinska, 1994) .
As ants use organic matter for their nests (Stradling, 1978) , both top-and subsoil materials inside the anthills were enriched in both C and N. This phenomenon has been commonly observed in active anthills (Lobry de Bruyn & Conacher, 1990) . To characterize origin and state of oxidative decomposition of plant-derived components in this organic material, we analysed lignin-derived phenols after alkaline CuO oxidation.
According to this nest composition, the enrichment of ligninderived phenols in the organic matter of the anthill surface soil (Table 4) re¯ected the greater input of the woody materials, buds, bud scales, sticks and twigs relative to the surrounding topsoils. The S/V and (Ac/Al) V,S ratios similar to those of the material outside the anthill suggested a similar degree of decomposition of the remnant lignin macromolecules. The acid-to-aldehyde ratios inside the anthills (> 0.4) were clearly larger than commonly found in recent plant litter in forests (`0.1; Ko Ègel, 1986) , con®rming that the organic matter of the abandoned anthills was not recent, but had undergone signi®cant microbial degradation. In the most recently abandoned anthill, No 3, however, lignin showed the greatest enrichment and was clearly less oxidized than the material outside the anthills (Table 4 ). This suggested that at least some fresh material has been concentrated in the nests. Apparently, these initial chemical differences in lignin signature do not persist but disappear during a decade of abandonment.
The presence of cinnamyl phenols in general appears to be reliable for qualitatively distinguishing herbaceous from woody tissues (Opsahl & Brenner, 1995) . Smaller C/V ratios inside the anthills arise from the dominance of woody tissues there. The greater rooting intensity in the anthill may also have enhanced the lignin signature, even of Residuals 1 and 2 in subsurface horizons (Table 4) .
The EB material below the excavated thrown-up soil also stored an increased content of lignin-derived phenols (Table 4) , although there appeared to be no anthill galleries. This probably re¯ected a larger lignin input from the roots in materials below the present anthill than in adjacent areas.
Polysaccharides serve as a source of energy for the soil microbial community, so that cellulosic polysaccharides and plant-derived hemicelluloses are degraded, while microbial NCP are resynthesized. This results in an increase in the NCP/ CP ratio as decomposition progresses (Ziegler & Zech, 1991) . Larger concentrations of CP (both in mg g ±1 soil and mg g ±1 C) and smaller NCP/CP ratios inside the anthills thus con®rm that the material collected for nests was on average less degraded than outside the anthills at the same sampling depth. The more intense rooting supported the enrichment of organic matter with CP, not only in the EB horizon but also in the Residual 1 and Residual 2 material (Table 4) . Nevertheless, CP concentrations (in g kg ±1 C) were much smaller than those found for recent plant litter (up to 400 g kg ±1 C; Ziegler & Zech, 1991) , indicating that the organic matter was strongly degraded inside anthills, and even more strongly outside. Since hemicelluloses are less stable than cellulose, the NCP were composed mainly of microbial products as opposed to plantderived hemicelluloses. Again, the least degraded material (greater CP contents, smallest NCP/CP ratio) was found inside anthill No 3. By contrast, the oldest anthill, No 2, showed the smallest difference in CP concentrations between material collected from inside and outside the hills. This provided additional support for the hypothesis that differences in the quality of the organic matter compared with the surrounding soil declined within a decade and may thus little contribute to the patchiness of the organic matter in very old forests. One reason could be that organic matter incorporated by the ants is not stabilized in these sandy materials and therefore turns over in less than a few decades, but more research will be required to support this suggestion.
